In this work we present an anamorphic zoom system, based on liquid crystal displays, which allows changing the magnification and distortion of an image very quickly, without mechanical parts and keeping the output plane stationary. The anamorphic lenses that make up the optical processor are obtained by displaying a combination of convergent-divergent cylindrical lenses, with arbitrary orientations, onto the spatial light modulators. In order to illustrate the capabilities of the system, some experimental results are shown.
INTRODUCTION
Optical systems containing active elements are playing an increasing role in different areas. Besides the well known systems used to improve the image quality in telescopes there are a variety of applications, such us optical interconnections [1] , beam steering [2] , metrology [3, 4] , image processing [5] - [7] , etc., in which active optics are employed. Usually these devices are lighter, smaller and more flexible than those that use conventional optical elements; moreover they can be reconfigured very quickly.
Active optical elements have found a widespread use in imaging systems, they are capable of focusing, zooming and scanning without mechanical moving parts. In traditional technologies, where lenses of fixed focal lengths are employed, these operations are implemented by changing the distances between lenses, the object and the image plane. Alternatively it is possible to vary the focusing power of a lens by changing its shape or its refractive index. Recently miniaturized systems, based on fluidic lenses, have been developed. In these cases the shape of the lens is changed by applying an electric field. These devices are mainly designed to be used in camera phones [8] or as compensators of astigmatic laser beams [9] . Lenses made of birefringent liquid crystal change their refractive index when an electric field is applied [10] but, good quality images and rapid responses are only obtained for very thin layers of liquid crystal. As thin layers lead to small optical path changes, it is necessary to display Fresnel type lenses onto pixilated structures in order to implement an active imaging system with good performance. Active optics based on programmable spatial light modulators (SLMs) has been advantageously used in zoom systems [11, 12] giving place to devices reduced in size, weight and with the possibility to vary magnification faster than mechanical zooms. It is true that unwanted diffracted orders are originated by the pixelated structure, nevertheless by using programmable SLMs it is possible to address pixel to pixel arbitrary phase distributions such as multiplexed or anamorphic lenses [13] - [16] that give place to more flexible designs.
In this paper we combine, in an active optic system, zooming capability with anamorphosis. Many optical processors require these properties in order to carry out different operations: data elaboration from synthetic aperture radars [17] , map transformation [18] and fractional Fourier transform [19] are some examples. In the next section we describe the proposed optical system and we show the obtained experimental results.
DESCRIPTION OF THE SYSTEM AND EXPERIMENTAL RESULTS
A scheme of the experimental set up is shown in Figure 1 .
Light from an Ar laser (458 nm line) impinges onto a rotating ground glass diffuser D used in order to diminish the spatial coherence of the source. The object O, which is uniformly illuminated by means of condenser C, is placed at focal distance f = 135 nm from lens L 1 , in this way the object is imaged at infinite. Next a telescope, where two spatial light modulators play the role of variable focus anamorphic lenses, constitutes the central part of the proposed system and is able to provide directional angular magnification.
Each anamorphic lens is a diffractive optic programmable element and is conformed by a set of polarizer P and wave plate W in front of a liquid crystal display (LCD), and an analogous set behind it. These polarization elements together with the LCD made up a spatial light modulator that provides phase only modulation when the optimization procedure proposed in [20] is followed. LCD1 and LCD2 are Sony liquid crystal panels, model LCX012BL, extracted from a commercial videoprojector. These displays can work at video rate (30 fps) and their spatial resolution is 640 × 480 pixels, with a pixel width of 34 µm and a center to center distance of 41 µm. The phase shift dynamic range is close to 360 • at 458 nm and the amplitude modulation is almost flat.
Diffraction efficiency of Fresnel lenses, displayed on LCDs, can be reduced basically by three factors [21] : The transmission of the display for the operating wavelength, which depends on the reflection, absorption and fill factor. Moreover, since the display usually works between polarizers and waveplates, it is also affected by reflections and absorption at these elements, being in this case dependent on their particular configuration. Other factor is the fraction of light going to the zero diffraction order generated by the pixelated grid structure. This parameter depends on the fill factor of the display, and for our device we measured a value around 47%. The third factor is the modulation diffraction efficiency, which depends on the complex modulation provided by the display. A deep study about this topic was done by Márquez et. al [22] . Also the inhomogeneities of the display may affect the image quality [23] .
As we previously said the proposed system is basically a telescope, so the distance d between LCDs remains fixed and was chosen to equal the sum of the focal distances of the lenses displayed onto the modulators. Let us call f LCD1 and f LCD2 these focal lengths, then it is possible to change simultaneously their value in such a way that d = f LCD1 + f LCD2 remains constant but the magnification m = f LCD1 / f LCD2 changes. In order to achieve large zooming capability, without varying the lens spacing, it is necessary that the active element possess a wide focal-distance tuning range and that the programmed lenses can be either positive or negative. It is well known that the sampling of a Fresnel lens causes the appearance of multiple lenses when the sampling frequency is lower than the Nyquist limit. To avoid this effect we design lenses with focal lengths larger than |100| cm.
Finally the parallel beam of light emerging from the telescope system is focused by lens L 2 ( f = 135 mm) onto a charge coupled device (CCD) placed in its focal plane, in such a way that a modified image of the object can be registered at a fixed position.
It should be pointed out that the multiple orders generated by the pixilated structure of the LCDs perturb the image quality. In order to reduce this effect a diaphragm, not included in the sketch, is used to limit the size of the object.
We can express the phase factor introduced by an anamorphic lens as that produced by a combination of two cylindrical lenses in contact
where λ is the wavelength, f 1 and f 2 are the focal lengths of the cylindrical lenses and θ 1 and θ 2 are the angles between the axes of the lenses and the vertical of the laboratory. It is easy to see that if θ 1 = 0 • , θ 2 = 90 • and f 1 = f 2 we recover the expression for a spherical lens. The focal lengths can be either positive or negative, nevertheless, in order to shorten the distance between LCDs it is convenient to choose a combination with a positive f value for the lens displayed onto one modulator and a negative value for the other. The flexibility on the combination of convergent and divergent lenses allows magnifications, demagnifications and distortions on the final image.
With the purpose of illustrating the capabilities of the proposed system we performed some experiences using as object an AF target. In first place, combinations of spherical lenses were displayed onto the modulators in order to obtain images with different magnifications.
As an example, in Figure 2 images of the target with a zoom factor of about 2 are shown. Figure 2 (a) corresponds to the case when no lens is programmed onto the LCDs. In this situation the object is imaged onto the CCD by the system conformed by the conventional lenses L 1 and L 2 as object and detector are placed in conjugated planes. In order to obtain the image shown in Figure 2 (b) we chose f LCD1 = 300 cm and f LCD2 = −150 cm.
These features are maintained when controlled distortions are introduced by means of anamorphic lenses.
In Figure 3 three different effects are shown. For the horizontal stretching shown in Figure 3 and LCD2 respectively. In this way a magnification of 2 is obtained in the horizontal direction and a magnification of 1 in the vertical direction. The same but in the orthogonal direction was done in order to obtain the vertical stretching shown in Figure 3 In all cases, besides the faint perturbation originated by the pixilated structure of the LCD it is noticeable the good quality of the images and the preservation of the final plane position.
CONCLUSIONS
In this paper we have proposed an active anamorphic optical system with zooming capabilities. The device is very flexible and can be reconfigured at video rate without using mechanical displacements as it is based on liquid crystal display technology. The anamorphosis is achieved by programming combinations of quadratic phases with arbitrary orientations onto the spatial light modulators. Very good quality images are obtained for a large range of zoom ratios and distortion factors.
